INTRODUCTION
Polymeric materials capable of transporting small molecules and ions find important applications in membrane-based separations, [1] [2] [3] and as electrolytes for sensors, fuel cells [4] [5] [6] [7] [8] and lithium batteries. [9] [10] [11] An ongoing challenge in the design of polymer electrolytes is to combine the high ionic conductivity of liquid electrolytes with the mechanical properties typical of thermoplastics in a single material. 12 Ion transport in polymers is usually related to the polymer free volume and segmental motion, and thus ions and neutral molecules diffuse more rapidly through polymers at temperatures above their glass transition (T g ). However, the use of polymers at T>T g has serious drawbacks since most polymers have poor dimensional stability above T g . Well known strategies for stabilizing polymers such as crosslinking 13 effectively render polymer electrolytes dimensionally stable. However, most cross-linking strategies also reduce chain mobility, and since ionic mobility in polyether electrolytes is tied to the flexibility of the polymer chain, the corresponding conductivity also declines.
The most successful solutions to this problem have been multiphase materials such as gels, 14 block copolymers, 15, 16 and nanoparticulate composites [17] [18] [19] [20] that simplify the electrolyte design process by decoupling the structural elements that correlate to high conductivity from those that lead to good mechanical properties. A common feature in these systems is a continuous reinforcing phase that provides dimensional stability to a low molecular weight liquid electrolyte.
One design element that is largely overlooked is the use of polymer crystallization to enhance dimensional stability. Crystallinity has long been viewed as being detrimental to achieving high conductivity in polymer electrolytes since the fixed position of atoms in a crystal lattice is incompatible with most ion conduction mechanisms. However, as long as crystallinity is restricted to the insulating portion of the polymer, it should be possible to design a two-phase system where crystallization of the non-conducting phase has a minimal effect on ion transport in a second phase. Polymers that selfassemble into two-phases, one rubbery and conducive to ion transport, and a rigid crystalline phase that provides dimensional stability, are attractive architectures for testing this strategy.
This can be accomplished by attaching a hydrophobic block to one or both ends of the comb polymer backbone. A second approach, which we explore in this report, is to attach short alkyl chains to the end of the oligoethylene oxide teeth to render them amphiphilic. In the resulting structure, we expect the ethylene oxide portion of the comb will facilitate ion transport while the alkyl tails will crystallize and provide dimensional stability.
Comb-like polymer systems containing long alkyl groups have been extensively investigated 37, 38 and include poly(n-alkyl acrylates), [38] [39] [40] [41] poly(n-alkyl methacrylates), 39, 42 poly(acrylamides), 38, 43 poly(α-olefins), 44, 45 aromatic polyesters, 46 polyamides, 47 polythiophenes 48 and other polymers. Comb systems typically assemble into an overall lamellar structure with the side chains interdigitated or packed end-toend to form a separate crystalline domain. 37, 49 Differential Scanning Calorimetry (DSC), wide-angle xray scattering (WAXS), small-angle x-ray scattering (SAXS), polarized optical microscopy and other techniques show that regardless of the rigidity and tacticity of the backbone, the side-chains of linear alkyl comb polymers crystallize in a hexagonal crystal structure when the length of the side chain exceeds a critical number of methylene groups, usually 7-10. 37, 38, 49 Only the terminal part of the alkyl chains takes part in the crystallization process; the first few atoms attached to the polymer backbone are usually amorphous. For a homologous series of comb polymers, the melting points of the polymers increase with the length of the side chain.
In this report we describe the synthesis and characterization of several series of methacrylatebased combs whose teeth are oligoethylene oxide monoalkyl ethers. In our polymer design, we 4 sandwich amorphous, ion conducting PEO layers between two insulating layers of crystalline alkyl groups. Alkyl groups placed at the terminus of the teeth favor intermolecular crystallization of the combs and dimensional stability. Adding LiClO 4 converts the combs to ionic conductors which have good conductivity, but with retention of the alkyl segment crystallinity.
RESULTS
Since one of our goals is to understand the self-assembly process in amphiphilic comb polymers, we designed comb structures where each tooth is identical in composition and length. We anticipated that eliminating dispersion in the length of the teeth should simplify structural analysis and favor crystallization of the alkyl portion of the side chain. As shown in Scheme I, the desired methacrylate monomers are readily available from the reaction of methacryloyl chloride with exact length oligoethylene glycol monoalkyl ethers, which in turn can be obtained in high yield and purity via an iterative process used to prepare exact length oligoethylene glycol dialkyl ethers. 50 The key step in the chain extension process is the use of monotosylated glycols. These crystalline intermediates can be prepared and purified on large scales, enabling us to prepare monodisperse ethylene glycols with degrees of polymerization as high as 14. The methacrylate monomers were purified by column chromatography and polymerized at 60 °C using AIBN as the initiator. After isolation by precipitation into methanol, the polymers were dried under vacuum. At room temperature, polymers with short side chains are best Et 3 N C x E y C x E y MA described as translucent gels, while those with longer side chains are white crystalline powders. For convenience, these methacrylate polymers are abbreviated as poly(C x E y MA), where x and y refer to the number of structural repeat units in the alkyl and oligoethylene oxide segments, respectively, while MA identifies the methacrylate backbone of the polymer.
The molecular characterization data for these polymers are shown in Table 1 . In all cases, the polymers have high molecular weights and polydispersities typical of free-radical polymerizations. We considered using ATRP to obtain polymers with narrower molecular weight distributions, but our experience to date with the ATRP of PEG methacrylates suggests that it would be difficult to completely remove the metal catalyst from the polymer, which may introduce some uncertainty in interpreting the conductivity data. 
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In contrast, the addition of ethylene oxide segments to the amphiphilic side chains makes only minor contributions to polymer crystallinity. Shown in Figure 2 are DSC data for a series of C 14 E y polymers. Using poly(tetradecyl methacrylate) (polyC 14 E 0 ) as a reference, introducing two ethylene oxide segments increases the melting point from -7 °C to 18°, but both the melting points and ∆H fus values are nearly constant as the ethylene oxide segment is lengthened further. The trends in the melting points for these two sets of polymers are more clearly seen in Figure 3 .
A plausible rationale for the data is that the crystallinity in these polymers is due solely to the C 14 chain, and the ethylene oxide segments, being bound directly to the polymer backbone, simply act as amorphous spacers and do not enter into the crystalline regions. Confirmation comes from an analysis of ∆H fus as a function of the number of chain atoms in the teeth of the combs. Studies of a number of comb polymers having n-alkyl teeth show that for limited ranges of n, ∆H fus is linearly dependent on n with a slope of ~3.3 KJ/mol CH 2 with the x-intercepts interpreted as the number of amorphous chain atoms in the teeth. 38 Plotted in Figure 4 are data from the poly(C x E 4 MA) series as well as data from a series of poly(n-alkyl methacrylates reported by Jordan. 38 Both data sets are linear and have similar slopes, but the data from the C x E 4 MA polymers are shifted to larger numbers of chain atoms. The intercept for the poly(C x E 4 MA) series corresponds to the 12 atoms of the ethylene oxide segment plus 8 carbon atoms in the alkyl chain compared to ~9 carbon atoms for the poly(n-alkyl methacrylate)s, consistent with the data of Figure 3 and with the conclusion that the ethylene oxide units do not participate in crystallization A key aspect in the design of these polymers was the notion that linking the PEO segments to an atactic methacrylate backbone would suppress the tendency for PEO to crystallize and ensure that the PEO phase remains amorphous to support ionic conductivity. However, there are obvious limits to this approach since these effects should disappear for long PEO segments and for PEO segments placed at the end of the teeth. We note that PEO segments in comparably sized C x E y C x oligomers, not restricted by the atactic backbone, readily crystallize in both planar zig-zag and helical conformations. 50, 51 We do observe a narrowing of the melting transition for longer ethylene oxide segments that implies more ordered crystalline regions when the ethylene oxide spacer is longer. 10 and reflections at lower angles that are consistent with a layered structure for the crystalline polymers.
37, 49 The reflection at 22.5° (~4.56 Å) is typically observed in comb polymers with long n-alkyl teeth and corresponds to hexagonal packing of the alkyl chains. 37, 49 In Figure 6 . Powder x-ray diffraction data for poly(C 14 E y MA) combs.
this case the alkyl chains are somewhat disordered and thus the spacing is slightly higher than the 4. For all electrolytes tested, the extrapolated room temperature conductivities were modest, ~10 -6 S/cm, which is likely related to the low volume fraction of the conducting phase and in the absence of long-range alignment of the ethylene oxide layers, the 2-dimensional nature of the conduction mechanism. The data also revealed some surprising characteristics. We noted that the slope of the log σ vs 1/T plots substantially differ and we were unable to linearize the data by plotting the data vs 1/(T-T o ) (VTF plot). While the reason for this behavior is unclear, we speculate that ion concentration strongly influences the microphase separation of the alkyl and ethylene oxide segments in the melt. 
CONCLUSIONS
A series of exact length amphiphilic comb polymethacrylates were synthesized and characterized. These oligoethylene oxide alkyl segments of these polymers micro phase separate to form highly crystalline domains that provide dimensional stability, and amorphous oligoethylene oxide domains that support ionic conductivity. Lithium salts were dissolved into the polymers with retention of the alkyl phase crystallinity. At ambient temperatures these solid polymer electrolytes are crystalline with modest conductivities of 10 -6 -10 -7 S/cm. 
EXPERIMENTAL SECTION
Unless otherwise noted, all reagents were obtained from Aldrich and were used as received.
THF was dried by distillation from sodium benzophenone ketyl. 1 H NMR spectra were measured at room temperature in CDCl 3 using a Varian Gemini-300 spectrometer at 300 MHz. Chemical shifts were calibrated using residual CDCl 3 and are reported in ppm (δ) relative to tetramethylsilane. Differential scanning calorimetry (DSC) measurements were run under helium at a heating rate of 10 ºC/min using a Perkin Elmer DSC 7 calibrated with indium. The reported DSC curves are second heating scans taken after an initial heating scan to erase the thermal history, and a fast quench to -100 °C. X-ray powder diffraction patterns were obtained using a computer controlled Rigaku 200B rotating anode diffractometer operating in reflective mode at 45 kV/100 mA, with graphite monochromatized Cu (K α )
radiation.
All manipulations of the polymers and electrolytes were carried out in a helium drybox. AC After stirring for 30 minutes, a solution of 8.6 g (20 mmol) of the THP-protected tetraethylene glycol monotosylate in 30 mL THF was added dropwise over a period of 15 min. The mixture was refluxed overnight, cooled to room temperature, and washed with 5% aqueous NaCl (3 × 30 mL). 2-(2-Decyloxyethoxy) Polymer from 3,6,9,12-tetraoxatricontyl methacrylate (poly(C 18 E 4 MA)). A white crystalline powder (M w = 182,601, PDI = 2.9). Yield 94%.
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